The 2p 
Introduction
The photoionization spectra of the rare gas atoms Rg = Ne, Ar, Kr and Xe between the two lowest ionization thresholds mp (Beutler 1935 , Berkowitz 1979 ) (Rydberg states belonging to series converging to the 2 P 1/2 threshold are marked with primed quantum numbers and K , where K results from coupling the total angular momentum of the mp 5 core with the orbital angular momentum − → of the Rydberg electron). The autoionization process is mediated by the Coulomb interaction between the Rydberg electron and the core electrons. The linewidths, energy positions and shapes of the ARS are substantially influenced by electron correlation effects. Thus, accurate measurements of these properties provide tests of advanced theoretical descriptions (see, e.g., Johnson et al (1980) , Klar et al (1992) and Petrov et al (2003) ).
In a recent paper (Petrov et al 2002) results were presented of Pauli-Fock (PF) calculations of the autoionization widths n and the quantum defects µ of = 0-4 ARS in rare gas atoms with the goal to elucidate the dependence of these parameters on the various quantum numbers. The quantum defect µ characterizes the resonance energy E n via E n = I P 1/2 −Ry/(n−µ ) 2 , where I P 1/2 is the energy of the mp 5 1/2 threshold and Ry denotes the Rydberg constant for the atom under consideration. The widths n decrease as n * −3 at sufficiently high n * = (n − µ ) (Berkowitz 1979 , Johnson et al 1980 , Klar et al 1992 ; consequently, the width of most members of a particular resonance series can be characterized by a single quantity, called the reduced width r and defined by r = n * 3 · n (Berkowitz 1979) . At lower n * , the reduced widths may vary slightly with n * , as recently discussed in detail for the ARS of xenon (Hanif et al 2004) . The comparison of the Pauli-Fock values of the widths and quantum defects with available experimental data (Petrov et al 2002) clearly demonstrated the need to include electron correlation and core polarization effects. Such advanced calculations were subsequently carried out for the ARS of Ar , Xe (Stellpflug et al 2003 , Hanif et al 2004 , Meyer et al 2005 and Ne (Peters et al 2005) . In part, these computations included studies of the shapes of the ARS and the energy dependence of the reduced widths and quantum defects at low n; they again demonstrated the influence of many-electron correlations.
A case of special interest is the even ARS with the same parity and total angular momentum as those of the ground state level, i.e. the mp 5 1/2 np J = 0 resonances. A consistent theoretical description of such excited states, orthogonalized to the ground state, is demanding, as known, e.g., from studies of electron-impact excitation of the non-autoionizing Ne (2p 5 3p 1 S 0 ) level (Zeman and Bartschat 1997, Brunger et al 1998) . So far, the Rg mp 5 1/2 np J = 0 ARS have been studied experimentally by non-resonant four-photon excitation of ground state Ar, Kr and Xe atoms (Koeckhoven et al 1995) and by resonant two-photon excitation (combining synchrotron and laser radiation) (Gisselbrecht et al 1998 , Meyer et al 2005 of ground state Xe atoms. Substantial deviations between the measured width and the Pauli-Fock predictions of Petrov et al (2002) were observed. Wörner et al (2005) have resolved the hyperfine structure of ARS in Xe and could account quantitatively for the positions, widths and shapes of = 0 and 2 ARS by multichannel quantum defect theory (MQDT); they analysed in detail the role of the nuclear spin in photoionization of the rare gas atoms.
In the present work, we report the first experimental results on the Ne (2p 5 np J = 0) ARS. Resonant two-colour photoexcitation of ground state neon atoms via the 2p 5 3s (J = 1) and 2p 5 3s (J = 1) intermediate states is used to access the four even autoionizing Rydberg series np [3/2] 1,2 and np [1/2] 0,1 . Vacuum ultraviolet (VUV) laser radiation is used for the first excitation step (see also Eikema et al (1994) ). Accurate values for the reduced widths and quantum defects of the np J = 0, 2 series are obtained and compared with theoretical calculations which are based on the PF approach and include the most important many-electron correlations.
The paper is organized as follows. The experimental procedure and set-up are described in section 2. In section 3 we present the experimental results and their analysis by multichannel quantum defect theory. The theoretical calculations are presented in section 4 where the computed results are also compared with the experimental data. The paper ends with a brief summary. The spatial arrangement of the gas beam, the laser beams and their polarization vectors: The skimmed supersonic beam of the sample gas (neon) propagates along the x-axis and crosses at right angles of the VUV and UV laser beams that counterpropagate along the z-axis. The crossing point is located on the axis (y-axis) of the TOF mass spectrometer.
Experimental procedure and set-up

Excitation scheme
As shown in figure 1(a For the description of the latter J = 1 levels, we avoid the Racah-type designation (used for the Rydberg states) because they are strongly mixed in this coupling.
In the present experiments, the two counterpropagating laser beams (see figure 1(b)) had linear polarizations. As exploited in a previous resonant two-photon excitation work (see, e.g., Klar et al (1992) ), the excitation probability of states with different total angular momenta strongly depends on the choice of the two polarization directions. When the polarization vectors of the VUV and UV laser beams are orthogonal, the final states must have M J = ±1, and the J = 0 series (i) is not accessible. When they are parallel, excitation to the two J = 1 series (ii) and (iii) is forbidden because the transition moments include, as an angular momentum factor, the 3j symbol 1 1 1 0 0 0 which is equal to zero (e.g., Zare (1988) ). One thus expects the three series ((i), (iv) and (v)) to contribute to the spectra recorded with a parallel arrangement of the polarization vectors, and the four series ((ii), (iii), (iv) and (v)) to be observable for a perpendicular arrangement.
Experiment
The experiments were carried out using the VUV laser and the linear time-of-flight mass spectrometer described in detail by and . They relied on the use of three dye lasers, two of which were employed to generate VUV radiation (see figure 2) . The first dye laser was pumped by the doubled output (532 nm) of a Nd:YAG laser at a repetition rate of 16.7 Hz, and its wavenumber was tripled to a wavenumber of ≈47 000 cm −1 using two consecutive β barium borate (BBO) crystals, one crystal to double the dye laser frequency, the other to mix the doubled and the fundamental frequency after suitable rotation of the polarization of the fundamental beam. The other two dye lasers were pumped by the tripled output (355 nm) of the same Nd:YAG laser and were subsequently frequencydoubled in BBO crystals to provide tunable UV radiation in the range between 38 000 cm −1 and 42 000 cm −1 . As explained in section 2.1 (see also figure 1(a)), the measurements involved a resonanceenhanced (1 VUV + 1 UV ) two-photon excitation sequence via either the 2p 5 3s 3 P 1 or the 2p 5 3s 1 P 1 intermediate states, labelled 3s and 3s below, to excite autoionizing np and nf Rydberg states located just above the 2 P 3/2 ionization threshold of neon. The VUV wavenumbers (ν VUV = 2ν 1 +ν 2 ) in the range 134 000-136 000 cm −1 required to drive the transitions from the 1 S 0 ground state to the 3s and 3s intermediate levels were generated by resonance-enhanced sum-frequency mixing in a krypton gas jet. The four-wave mixing process was resonantly enhanced by fixing the wavenumberν 1 of the first laser at the position of the 4p 6 → 4p 5 5p[1/2] 0 two-photon transition of krypton (2ν 1 = 94 092.9 cm −1 ), and the VUV wavenumber was adjusted to the positions of the 3s and 3s resonances of neon by scanning the wavenumberν 2 of the second laser. The VUV beam was separated from the fundamental beams of frequencies ν 1 and ν 2 and from beams of other frequencies generated by other nonlinear processes using a vacuum monochromator equipped with a toroidal platinumcoated grating which also served the purpose of recollimating the diverging VUV beam.
Photoionization spectra from the 3s and 3s intermediate states to the autoionizing region just above the 2 P 3/2 ionization threshold were recorded by monitoring the Ne + ionization signal as a function of the wavenumber of the third laser in the experimental configuration depicted schematically in figure 1(b) . The counterpropagating VUV and UV laser beams intersected a skimmed supersonic expansion of pure neon (spectroscopic grade purity, Pangas) at right angles along the axis of the TOF mass spectrometer. The relative polarization vectors of the VUV and UV beams could be adjusted freely by rotating the polarization of the UV beam in the xy plane (see figure 1 ) using an angle-tunable half-wave plate. To record spectra of transitions to autoionizing levels with M J = 0, ±1, the angle between the polarization vectors in the excitation region was set at 0
• (90 • ). The uncertainty in the angle could be estimated to be about 5
• by monitoring the Ne + signal resulting from excitation to the 2p 5 13p [1/2] 0 autoionization resonance as a function of the position of the half-wave plate, exploiting the fact that this transition becomes forbidden for a perpendicular arrangement of the polarization vectors of the VUV and UV beams.
The photoexcitation region was carefully designed to minimize stray electric fields which are estimated to be less than 3 mV cm −1 in the present experiments. Moreover, the photoexcitation region and the adjacent linear TOF mass spectrometer were surrounded by a double layer of magnetic shielding. The ions generated by photoionization were extracted with a pulsed field of about 340 V cm −1 applied 1 µs after photoexcitation and detected at a microchannel plate detector located at the end of the TOF tube. Spectra of 20 Ne, 21 Ne and 22 Ne were recorded simultaneously by setting detection gates at the corresponding positions of the TOF spectra. Because of the better signal-to-noise ratio resulting from the larger natural abundance, only the 20 Ne spectra were used in the analysis. The wavenumberν 3 was calibrated to an absolute accuracy of 0.5 cm −1 by recording optogalvanic spectra of argon simultaneously with each spectrum. Although most spectra were recorded without intracavityétalons in the third laser, resulting in an experimental resolution of 0.2-0.3 cm −1 (as determined from the full width at half maximum of the transitions to the nf [5/2] 2 states), selected regions were also recorded at a resolution of 0.06-0.07 cm −1 after inserting an intracavityétalon in the third dye laser.
The lifetimes of the intermediate 3s and 3s levels were measured by recording the time dependence of the VUV fluorescence to the 1 S 0 ground state using the MCP detector located at the end of the TOF spectrometer. These measurements were carried out to obtain additional information on the character of the intermediate levels. Lifetimes of 2 ± 1 ns and 23.4 ± 1 ns (in agreement with the previous values of 1.6 ns and about 22 ns, respectively (Chan et al (1992) and references therein) were found for the 3s and 3s levels, respectively.
Experimental results and MQDT analysis
Figures 3(a) and (b) display the photoionization spectra of neon recorded via the 3s and 3s intermediate levels, respectively, for a parallel arrangement of the VUV and UV polarization vectors. The spectra reveal sharp structures below the 2 P 3/2 ionization threshold which correspond to excitation to Rydberg states belonging to the series converging to the 2 P 3/2 ground state of Ne + . These Rydberg series become observable ≈100 cm −1 below the fieldfree 2 P 3/2 threshold, i.e. from n ≈ 30 onwards, as a result of the field ionization induced by the 340 V cm −1 delayed electric field used to extract the Ne + ions. Between these discrete structures, the ion signal returns exactly to zero, a fact that was exploited to establish the origin of the intensity scale.
The intensity distribution of the spectra recorded via the 3s level is dominated by the broad asymmetric resonances associated with the np include, as an angular momentum factor, the 3j symbol
which is equal to zero (e.g.
Zare (1988))). Instead, the spectrum is dominated by the J = 2 resonances. Interestingly, the J = 1 resonances, which are allowed by the selection rules, are not observable within the sensitivity limit of the measurement. The np [3/2] 1 series could only be weakly observed in a high-resolution spectrum via the 3s intermediate level. The series could not be detected at all via the 3s intermediate level, even in high-resolution measurements, as illustrated by figure 4(b) which displays a spectrum recorded at an angle of about 40 (5) • between the polarization vectors of the VUV and UV beams.
Two experimental observations are not straightforward to interpret and can only be understood in the light of the detailed calculations presented in the next section. The first of these observations is the extreme weakness of the allowed transitions to the J = 1 Rydberg states. As will be discussed in more detail in the next section, this weakness results from a Cooper minimum in the 3s → εp photoionization cross section around the ionization threshold.
The second observation concerns the profiles of the np [1/2] 0 resonances. If the initial-state configuration interactions described by scheme (7) below are disregarded, the wavefunctions of the 3s and 3s intermediate levels can be written as linear combinations of LS-coupled eigenchannel functions as defined in Lu (1971) and denoted | 2S+1 L J |3s = A 3s 1 P 1
with A 
where E represents the energy at which the wavefunction is evaluated. The solution of the generalized eigenvalue problem (Greene and Jungen 1985) at every energy
where and A p 3 P 0 defined above. U iα stands for the transformation matrix between the close-coupling eigenchannels α k and the dissociation channels i k , and µ α represents the eigenquantum defects.
On these grounds, the photoionization intensity from the 3s and 3s intermediate levels can be calculated respectively as
Taking the two-channel quantum defect parameters for the p 5 p 1 S 0 and 3 P 0 channels from Starace (1973) 
The calculation reproduces perfectly the positions and the widths of the autoionizing resonances shown in figure 3, which proves that the MQDT parameters determined by Starace (1973) from the low np J = 0 bound levels are valid and meaningful even above the 2 P 3/2 ionization threshold. The described procedure yields the values of the q-parameters shown in table 3. The large difference of the ratios of the transition moments, exhibited by equation (6), is not easy to interpret within the MQDT treatment outlined above without assuming a rapid variation of the dipole amplitudes with energy. A similar conclusion was already reached in the analysis of other Ne resonances (Ganz et al 1984) .
Theoretical predictions and comparison with experimental results
The photoionization cross sections were calculated within the framework of the configuration interaction Pauli-Fock with core polarization (CIPFCP) approach. Within this approach, the major relativistic effects (relativistic compression of the atomic core and spin-orbit interaction) are taken into account using the Pauli approximation (Bethe and Salpeter 1957) as described earlier (Kau et al 1996 (Kau et al , 1997 . Electron correlation effects are treated by applying the core polarization potential approach (Petrov et al 1999 (Petrov et al , 2000 in computing both core and virtual atomic orbitals (AOs) with the subsequent use of these AOs in the solution of the CI equations (both in a secular equation form and a second-order perturbation theory (PT) form). The factor χ which scales down the Coulomb interaction, thus accounting for higher orders of the PT expansion in computing the core polarization potential, was set to the value χ = 1.15, as calculated by Petrov et al (1999) for the Na atom.
The following scheme was applied in the present work in order to compute the photoionization cross sections:
where the horizontal arrow represents the electric dipole interaction, and the vertical bidirectional arrows denote the Coulomb interaction (transitions between the states in the chain brackets are not taken into account). A summation/integration over all the states contained in the chain brackets was performed. The basic configurations which contribute to the transition amplitude due to both initial state configuration interaction (ISCI) and final state configuration interaction (FISCI) are shown in scheme (7). The details of the calculation with respect to scheme (7) including the estimate of the scaling factors of the Coulomb interaction are described elsewhere (Petrov et al 1999 , Peters et al 2005 . Thus, we only outline the essential points of the calculation, noting here that within the approach used the term dependence of the atomic orbitals is described by channels (7c) and (7f ) for the initial and final states, respectively. We note that in the MQDT treatment, the configuration interactions (7c) and (7f) can be included in the channel parameters. The total photoionization cross section for the initial states |i 0 = |3s , |3s to the 2p 5 j c ε j J continuum states were computed as
where the signs (+) and (-) correspond to the length and velocity forms of the transition dipole operator D, respectively; ω denotes the exciting photon energy in atomic units; α = 1/137.036 is the fine structure constant; the square of the Bohr radius a (ω) is the partial photoionization cross section.
In the experiments, an aligned intermediate state |i 0 is produced by absorption of linearly polarized light from the Ne (J = 0) ground state, and the aligned state is photoionized by linearly polarized light with a polarization direction at an angle of θ = 0
• , 40
• or 90
• relative to the electric vector of the first light beam. The corresponding cross section is given by
(10)
The wavefunctions of the final state 2p 5 3/2 ε j J entering equations (8) and (9) contain both non-resonant 2p 5 3/2 ε j J and resonant 2p 5 1/2 n [K]J parts accounting for all the evenparity ARS via the pathway (7f). This wavefunction was computed applying the K-matrix technique (Starace 1982 ) and the theory of interacting resonances in the complex calculus form (Sorensen et al 1994) . Applying the technique described in Demekhin et al (2005) yields the complex energy E (n) of each resonance which determines its position E n = Re E (n) and width n = −2 Im E (n) . Through the equations given in the introduction, the resonance positions E n and the widths n are connected with the quantum defects µ and the reduced widths r both of which depend only weakly on the principal quantum number n.
In order to compute the wavefunctions of the J = 1 initial states, the AOs of the 2p 5 3s core were used. The virtual ns and nd AOs were computed in a frozen 2p 5 core (the selfconsistent AOs are taken from the configuration 2p 5 3s) with the Slater coefficients averaged over J = 1 and with the addition of the core polarization potential. The secular equation matrix was constructed using the first five s-type and six d-type discrete states. Continuum states with energies up to 50 Ry were included in a quasi-discrete manner. The resulting order of the secular matrix accounting for the Coulomb and 2p spin-orbit interactions was equal to 88. The first two levels corresponding to the 2p 5 3/2 3s and 2p 5 1/2 3s states consist of 99.85% from the 2p 5 3s 1 P 1 and 2p 5 3s 3 P 1 basis states. Therefore, in computing the cross sections via scheme (7), we keep only these basis states using renormalized wavefunctions of type (1) with the amplitudes A table 1 ). An accuracy of about 5 meV can be obtained if the Coulomb interaction entering the core polarization potential for the s-type AOs is scaled down by a factor of χ s = 1.08 (and not by 1.15 as for the other AOs Kaufman and Minnhagen (1972) . entering scheme (7)). Therefore, in computing the photoionization cross sections, the factors χ s = 1.08 and χ = 1.15 ( 1 ) were used. As documented in table 1, the factor χ p = 1.15 yields an accuracy of about 5 meV for the energies of the 2p The results of these calculations are shown in figure 5. For both intermediate states, good agreement between the experimental and the computed photoionization spectrum is observed. We emphasize that calculations without the orthogonality constraint-which may often yield results not far from those obtained with proper (but not so easy to achieve) orthogonalization (e.g. total atomic energies (Cowan 1981) )-fail rather badly in the present case. Apart from a shift of the resonance position to lower energies by about 0.4 meV (corresponding to an increase of the quantum defect from 0.7634 to 0.7850) and a drop of the reduced width from 6431 cm −1 to 1887 cm −1 , the q-parameter of the J = 0 resonance for excitation from the 3s 3 P 1 level (figure 5 (a)) rises strongly with a peak cross section around 1 Mb; in contrast, the peak cross section of the J = 0 resonance for excitation from the 3s 1 P 1 level changes rather little.
The computed reduced widths r and the quantum defects µ of the even 2p figure 7(b) ). The resonance 2p 5 1/2 13p [3/2] 2 , when accessed from 3s, J = 1 level, is observed as an essentially isolated line (see figures 3(a), 4(b) and 5(a)) while in our previous study (Peters et al 2005) (5) • . In this and in the subsequent figures, the experimental energies were rescaled using the Rydberg formula and I P 1/2 = 174 710.114(40) cm −1 (Eikema et al 1994) . Petrov et al (2002) . b Data for the np (J = 0) resonances differ from Peters et al (2005) slightly because in the present paper the np AOs were computed using the AOs from the 2p 5 core (not from 2p 5 3s as in Peters et al (2005) ). c Calculated with the two-channel quantum defect parameters of Starace (1973) . d Data from Peters et al (2005) . e The value represents the quantum defect of 12f [5/2] 3 which was measured by one-photon UV excitation from the metastable Ne (3s 3 P 2 ) level by Peters et al (Peters et al 2005) , but not listed in that paper. The theoretical quantum defect for the 12f [5/2] 3 resonance is 0.001 58.
level-appeared on the high-energy side of the broad 2p 5 1/2 13p [1/2] 1 resonance. Therefore, the presently measured reduced width of the 2p 5 1/2 np [3/2] 2 series is expected to be more accurate than that determined earlier (Peters et al 2005) . Table 2 demonstrates that taking into account many electron correlations improves the agreement between the theoretical and experimental values. The computed 2p 
The oscillator strength f σ (i 0 − f 0 ) allows one to estimate the peak cross section of the respective resonance using the relation σ
The computed q-parameters, oscillator strengths f σ (i 0 − f 0 ) and peak cross sections σ table 3 for the 2p   5 1/2 12f [5/2] 2 resonance. The peak cross sections are rather different for the 3s and 3s levels. In the measured spectra, the respective peak intensity will be smaller because of the experimental resolution. In spite of this broadening effect, the 2p One can recognize from figure 5 that the theory predicts smaller cross sections for the 2p 5 1/2 13p [K] 1,2 resonances than observed experimentally. To clarify this discrepancy, we performed exploratory calculations of σ 3s (ω) and σ 3s (ω) varying the scaling factor χ s in computing the core polarization potential; its value was slightly increased (χ s = 1.15) and decreased (χ s = 1.00) relative to the value of 1.08 used in the calculation of the cross sections shown in figure 5. The resulting cross sections are depicted in figure 6. In the (8)) are shown in the right panels. For the autoionizing resonances (range of negative energies in the right panels), we used 'dimensioned' oscillator strengths (11) and step functions for the representation of the cross sections as in the work of Neogi et al (2003) . In figure 7 we compare the cross sections σ 3s (ω) and σ 3s (ω) computed and measured for parallel polarization vectors of the VUV and UV lasers (in this case, the partial cross sections σ j J =1 i 0 (ω) do not contribute (see equation (10))). We note that for this polarization arrangement, the contribution of the partial cross section σ 
and taking into account the large value of the ratio of the transition moments 2p 
The contribution from higher terms c.h.t. = −0.010 61 is estimated by computing the first ten members directly and the rest as a geometric progression. One can see that the direct 3s → 13p and intershell 3s → 3p ⇒ 13p amplitudes provide similar, destructively interfering contributions to the transition moment 2p The computed parameters for the 12f [5/2] 2 resonance, accessed from the 4s/4s intermediate levels, are documented in table 3. Compared to excitation from the 3s and 3s levels, the peak cross section of this 12f resonance is seen to decrease by a factor of 2 for 4s, but to increase by a factor of 16.5 for 4s , respectively. Thus, the 12f [5/2] 2 resonance should be well observable in experiments on both σ 4s (ω) and σ 4s (ω).
An experimental test of these predictions is desirable. Moreover, it would be interesting to observe the angular distribution of photoelectrons in the range of the 2p 5 1/2 13p [K ] 0,1,2 resonances because angular distributions are known to provide a more complete picture of the photoionization process than angle-integrated cross sections.
Conclusions
A two-step VUV+UV excitation scheme with parallel and perpendicular orientation of the polarization vectors of the VUV/UV lasers was applied to investigate the even Ne 2p 
